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Highly  crystalline  composite  anodes  composed  of  Lao.75Sro.25Cro.5Mno.5O3_0-Lao.2Ceo.8O2-a  (LSCM-LDC) 
have  been  synthesized  using  a  simple  modified  sol— gel  method.  LSCM  is  known  for  its  superior  redox 
stability.  LDC  acts  both  as  an  agent  that  blocks  grain  growth  in  LSCM,  and  reduces  the  area-specific 
resistance  of  the  electrode,  thereby  enhancing  the  overall  electrochemical  performance  of  single  cells. 
However,  the  carbon  deposition  rate  of  LSCM-LDC  composite  anodes  increases  with  increasing  LDC 
content.  The  optimal  anode  composition  is  50  wt.%  LSCM-50  wt.%  LDC.  This  composite  has  a  polarization 
resistance  of  0.081  Q  cm2  and  0.130  Q  cm2  in  H2  and  CH4,  respectively,  measured  at  800  °C. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  promising  energy-harvesting 
devices  because  they  are  environmentally  friendly,  have  a  high 
energy  conversion  efficiency,  demonstrate  multi-fuel  capability, 
and  are  modular  [1,2].  The  distinguishing  feature  of  SOFCs  is  that 
they  feature  good  oxygen  anion  transports  from  the  cathode  to  the 
anode  through  a  highly  dense  oxide  electrolyte;  oxidation  of  fuel 
occurs  at  the  interface  of  the  anode  and  the  electrolyte,  which  is 
called  the  triple  phase  boundary  (TPB).  In  conventional  SOFCs 
operated  with  hydrogen  fuel,  highly  dense  8  mol%  Y203-stabilized 
Zr02  (YSZ),  Ni-YSZ  cermet,  and  La0.6Sr0.4MnO3  (LSM)  function  as 
the  electrolyte,  anode,  and  cathode,  respectively. 

However,  in  the  case  of  hydrocarbon-fueled  SOFCs,  the 
conventional  Ni-YSZ  cermet  anode  has  poor  durability  due  to  the 
formation  of  coke  from  the  hydrocarbon  fuel,  which  degrades  the 
cell  performance  and  stability  [1,2].  To  overcome  this  drawback, 
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several  advanced  oxide  anodes  have  been  investigated.  Among 
these,  Lao.75Sro.25Cro.5Mno.503_«5  (LSCM)  exhibits  excellent  redox 
stability  characteristics  [3—5].  This  LSCM  anode  is  a  member  of  the 
Lai_xAxCri_yMy03_(5  perovskite  family  (A  =  alkaline  earth  and 
B  =  transition  metal).  Lai_xAxCri_yMy03_«5  perovskite  anodes  are 
ideal  for  use  in  hydrocarbon-fuel  cell  applications  because  they 
show  substantial  electrochemical  activity  in  reducing  and  oxidizing 
atmospheres,  are  compatible  with  various  solid  electrolytes,  and 
display  good  dimensional  stability  despite  phase  changes  upon 
reduction  [6].  It  has  been  reported  that  in  a  reducing  atmosphere, 
no  substantial  weight  loss  occurs  because  the  B-site  ‘Cr’  retains  its 
six-fold  coordination  chemistry  (no  oxygen  vacancies).  Hence,  it  is 
necessary  to  introduce  M  =  Mn,  Fe,  Co,  Ni,  and  other  metals  to 
generate  oxygen  vacancies.  In  the  case  of  Lai_xAxCri_yMy03_(5,  Cr- 
rich  solid  solutions  exhibit  low  electronic  transport  capacity  at 
reduced  P(02).  While  iron-containing  materials  (M  =  Fe)  suffer 
from  excessive  chemically  induced  expansion  and  phase  decom¬ 
position  under  anodic  conditions  [4,7-15],  ‘Mn’  doping  at  the  B-site 
enhances  the  catalytic  properties  and  ionic  conductivity  of  perov¬ 
skite  LSCM  anodes  [5,16-20]. 

To  enhance  the  catalytic  activity  and  reduce  the  polarization 
loss  of  perovskite  LSCM  anodes,  the  anodes  can  be  impregnated  or 
be  used  to  create  composites  with  electrolyte  materials.  Tao  and 
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Irvine  reported  that  the  polarization  resistance  of  LSCMs  was 
0.26  Q  cm2  in  wet  H2  and  0.87  Q  cm2  in  wet  CH4  at  900  °C, 
respectively  [3].  Several  approaches  to  the  reduce  polarization  loss 
(polarization  resistance,  R p)  have  also  been  evaluated.  The  polar¬ 
ization  resistance  of  an  LSCM-YSZ  composite  anode  that  was 
synthesized  by  a  gel-casting  method  was  0.46  Q  cm2  at  800  °C 
under  H2  fuel  [13].  Impregnation  of  Ceo.gGdo.iC^-d  (GDC)  into  the 
porous  LSCM  anode  reduced  the  polarization  resistance.  The 
resistance  values  were  0.12  and  0.44  Q  cm2  in  wet  H2  and  wet  CH4, 
respectively  [21].  Chen  et  al.  reported  that  an  LSCM  (33  wt.%)- 
GDC  (67  wt.%)  composite  anode  synthesized  by  a  combined 
citrate  and  EDTA  method  exhibited  polarization  resistance  values 
of  0.146  Q  cm2  and  0.496  Q  cm2  in  wet  H2  and  in  wet  CH4, 
respectively,  at  800  °C  [5]. 

Meanwhile,  Lao.2Ceo.802_<5  (LDC),  which  has  higher  oxide  ion 
conductivity  than  YSZ,  also  shows  electronic  conduction  due  to  the 
reduction  of  Ce4+  to  Ce3+  at  low  oxygen  partial  pressures  [22,23].  In 
contrast  to  GDC,  LDC  could  inhibit  the  grain  growth  of  LSCM  at  high 
temperatures  by  functioning  as  a  diffusion  barrier.  Huang  et  al. 
described  using  LDC  as  a  buffer  layer  to  suppress  the  interdiffusion 
of  ionic  species  between  a  Lao.8Sr0.2Gao.8Mg0.203  (LSGM)  electrolyte 
and  an  Ni-YSZ  anode  [24]. 

We  generated  composite  anodes  comprised  of  Lao.75Sr0.25Cr0.5 
Mn0.503_(5-Lao.2Ceo.802_5  (LSCM-LDC)  to  enhance  the  catalytic 
activity  and  reduce  the  polarization  loss  of  the  anode  in  a  hydro¬ 
carbon  fuel  system.  Furthermore,  we  investigated  the  electro¬ 
chemical  properties  and  carbon  deposition  behaviors  of  LSCM-LDC 
composites  with  different  weight  ratios. 


2.  Experimental  procedures 

2.1.  Powder  synthesis 

LSCM-LDC  composite  powders  with  different  weight  ratios 
were  synthesized  by  a  modified  combustion  technique  using 
sucrose.  The  raw  materials  used  in  this  study  were  La(N03)2-xH20 


(Aldrich,  99.9%),  Sr(N03)3  (Alfa  Aesar,  99.0%),  Cr(N03)2-9H20  (Alfa 
Aesar,  98.5%),  and  Mn(N03)-4H20  (Alfa  Aesar,  98%).  Sucrose  (Alfa 
Aesar,  99%)  and  pectin  (Aldrich)  were  used  as  the  fuel  and  catalyst, 
respectively,  for  the  combustion  process.  The  combustion  tech¬ 
niques  are  described  in  Fig.  1. 

The  composite  cathode  powder  of  Ba0.5Sr0.5Co0.2 
Feo.803_,5-Gdo.2Ceo.802-<5  was  also  prepared  using  a  sucrose- 
modified  sol-gel  technique.  The  raw  materials  for  the  powder 
processing  were  Ba(N03)2  (Alfa  Aesar,  99%),  Sr(N03)2  (Alfa  Aesar, 
99.0%),  Co(N03)3-6H20  (Aldrich,  98%+  ACS),  Fe(N03)3-9H20  (Alfa 
Aesar,  98%  ~,  Alfa  Aesar),  Ce(N03)3-6H20  (Aldrich,  99%  metal 
basis),  and  Gd(N03)3xH20  (x  -6,  Alfa  Aesar,  99.9%,  REO).  The 
powder  processing  techniques  used  were  similar  to  those 
mentioned  for  the  anode  materials. 


2.2.  Materials  characterization 

The  synthesized  composite  anodes  were  characterized  by  X-ray 
diffraction  (XRD)  using  Cu-Ka  radiation  for  phase  analysis.  The 
morphology  and  elementary  analysis  results  for  the  powders  were 
evaluated  by  field  emission  scanning  electron  microscopy  (FE-SEM, 
JSM-6400,  JEOL,  Japan).  The  specific  surface  area  and  particle  size  of 
each  powder  was  measured  by  BET  (Brunauer,  Emmett,  Teller) 
analysis  (ASAP2010  physisorption  analyzer,  Micrometries,  USA)  and 
by  dynamic  light  scattering  method  (ELS  6000  zeta  potential  and 
particle  size  analyzer,  Otsuka  Electronics,  Japan),  respectively.  The 
chemical  stability  of  the  as-synthesized  anode  materials  with  YSZ 
and  GDC  electrolytes  was  investigated  by  X-ray  diffraction.  To  eval¬ 
uate  the  carbon  deposition  behavior  of  the  powders,  thermogravi- 
metric  analysis  (TGA)  was  performed.  First,  LSCM-LDC  composites 
were  placed  in  a  clean  alumina  crucible  and  heated  at  750  °C  for  6  h 
with  a  CH4  at  flow  rate  of  100  cm3  min-1.  Subsequently,  the  powders 
were  analyzed  by  TGA  (TA  Q600,  TA  instruments,  USA)  in  air  over  the 
temperature  range  of  30  °C-1000  °C  at  a  heating  rate  of  10  °C  min-1. 
Weight  loss  graphs  were  subsequently  analyzed. 


Fig.  1.  Flow  chart  for  the  synthesis  of  LSCM-LDC  composite  powders  using  a  modified  sol-gel  combustion  technique. 
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2.3.  Electrochemical  performance  tests 

Electrochemical  performance  was  evaluated  with  electrolyte- 
supported  single  cells.  Commercial  GDC  powder  (CGO90/10 
UHSA,  Grand  C&M  Co.  Ltd.)  was  compressed  by  cold  iso-static 
pressing  (CIP)  and  subsequently  fired  at  1450  °C  for  4  h  to  fabri¬ 
cate  a  0.5-mm  thick  GDC  electrolyte  pellet.  An  LSCM-LDC 
composite  anode  layer  was  screen-printed  onto  the  GDC  pellets 
and  the  pellets  were  fired  at  1250  °C  for  5  h.  In  the  same  manner, 
the  BSCF-GDC  cathode  layer  was  screen-printed  onto  the  other 
side  of  the  GDC  pellets  in  a  symmetric  position  followed  by  firing  at 
1050  °C  for  2  h.  The  geometric  area  of  both  electrodes  was  0.25  cm2. 
Finally,  the  Pt  mesh  was  used  as  a  current  collector.  AC  impedance 
analysis  was  performed  using  a  universal  potentiostat  with 
a  frequency  response  analyzer  (Bio-logic  science  instrument)  with 
a  three-electrode  configuration  under  humidified  H2  and  CH4  at 
700  °C,  750  °C,  and  800  °C.  The  applied  frequency  was  in  the  range 
of  0.1  mHz— 1  MHz  with  a  voltage  amplitude  of  10  mV. 
Current-voltage  (/-V)  measurements  of  single  cells  were  also 
performed  using  the  three-electrode  configuration.  A  Pt  mesh 
placed  onto  the  electrode  with  a  spring-loaded  alumina  tube  was 
used  as  the  current  corrector.  A  seal  between  the  single  cell  and  the 
alumina  tube  was  achieved  with  a  Pyrex®  glass  ring.  Humidified  H2 
(~3%  H20  at  30  °C)  and  air  were  supplied  as  fuel  and  oxidant, 
respectively,  at  a  rate  of  100  cm3  min-1.  To  verify  hydrocarbon  fuel 
use,  humidified  CH4  was  also  used  as  fuel. 

3.  Results  and  discussion 

3.1.  Phase  and  morphology  analysis 

The  XRD  patterns  of  all  composite  anodes  that  were  calcined  at 
1000  °C,  along  with  pure  LSCM  (100LSCM)  and  pure  LDC  are  shown 
in  Fig.  2.  For  convenience,  we  denote  80  wt.%  LSCM-20  wt.%  LDC  as 
‘80LSCM’  and  so  on.  The  X-ray  diffraction  patterns  for  all  of  the 
composites  exhibited  peaks  that  corresponded  to  the  hexagonal 
phase  of  LSCM  perovskite  and  that  were  consistent  with  the 
patterns  previously  reported  for  LSCM  [4,25].  The  LDC 
(Lao.2Ceo.802_,5)  diffraction  peaks  corresponded  to  the  cubic  fluorite 
structure  of  ceria  (JCPDF  Card  no.  340394).  In  the  case  of  the 
composites,  the  peaks  corresponding  to  both  LSCM  and  LDC 
patterns  were  visible.  In  the  XRD  patterns,  there  was  a  direct 
correspondence  between  peak  height  and  the  composition  of  the 
composite  (e.g.,  the  higher  the  peak,  the  higher  the  LDC  content  of 
the  composite).  XRD  analysis  also  revealed  that  the  as-synthesized 
composite  powders  were  highly  crystalline  without  any  impurities. 
The  crystallite  size  of  100LSCM,  80LSCM,  66LSCM,  50LSCM, 
33LSCM,  and  pure  LDC  was  calculated  as  23,  22, 21.9,  20.2,  20.1,  and 
13  nm,  respectively,  using  Scherrer’s  formula.  The  specific  surface 
area  values  of  the  composite  anodes  are  listed  in  Table  1.  The 
specific  surface  area  increased  gradually  with  LDC  amount,  within 
the  LSCM  percolation  limit  and  then  decreased  at  the  large  amount 
of  LDC. 

The  morphology  of  each  composite  powder  is  shown  in  Fig.  3. 
Pure  LSCM  powder,  shown  in  Fig.  3(a),  was  spherical  and  slightly 
agglomerated,  whereas  the  LDC  powder  (Fig.  3(f))  was  highly 
porous,  as  we  reported  in  a  previous  study  [26].  As  the  amount  of 
LDC  in  the  composite  increased,  the  particle  size  decreased. 
Together,  these  results  indicate  that  the  sucrose  modified  sol-gel 
combustion  method  is  very  effective  for  the  synthesis  of 
LSCM-LDC  composites. 

The  XRD  patterns  of  physical  mixtures  of  LSCM  with  YSZ  and 
GDC  powders  after  firing  at  1250  °C  for  5  h  are  shown  in  Fig.  4.  All 
peaks  corresponded  to  either  the  LSCM-LDC  composite  phase  or 
the  YSZ  and  GDC  phases,  without  any  impurities.  The  XRD  data 


Fig.  2.  XRD  patterns  of  the  as-synthesized  LSCM-LDC  composite  powders  of  (a) 
100  wt.%  LSCM,  (b)  80  wt.%  LSCM-20  wt.%  LDC,  (c)  66  wt.%  LSCM-33  wt.%  LDC,  (d) 
50  wt.%  LSCM— 50  wt.%  LDC,  (e)  33  wt.%  LSCM-66  wt.%  LDC,  and  (f)  pure  LDC,  calcined 
at  1000  °C. 


indicates  that  the  composite  is  decisively  compatible  and  chemi¬ 
cally  and  thermodynamically  stable  with  YSZ  and  GDC  electrolytes. 
Moreover,  the  LSCM-LDC  composite  anode  materials  did  not  show 
chemical  decomposition  or  any  impurity  phases  after  exposure  to 
CH4  at  800  °C  for  8  h. 

3.2.  Carbon  deposition  behavior 

The  carbon  deposition  rate  was  calculated  from  the  weight  loss 
graph  based  on  the  TGA  data.  Graphs  of  the  weight  change  vs. 
temperature  are  shown  in  Fig.  5.  The  TGA  data  showed  a  trend  of 
increased  weight  loss  as  the  wt.%  of  LSCM  decreased.  The  overall 
weight  losses  were  calculated  as  2.10%,  1.47%,  1.26%,  0.32%,  0.21%, 
and  0.03%  for  pure  LDC,  33LSCM,  50LSCM,  66LSCM,  80LSCM,  and 


Table  1 

Composition  ratio  and  specific  surface  area  of  the  LSCM-LDC  composite  anodes 
synthesized  by  a  sucrose-modified  sol— gel  method. 


Anode  material 

Weight  of 
LSCM  (wt.%) 

Volume  of 
LSCM  (vol.%) 

Specific  surface 
area  (m2  g"1) 

100LSCM 

100 

100 

3.639 

80LSCM 

80 

80.4 

4.434 

66LSCM 

66 

64.7 

7.743 

50LSCM 

50 

50.7 

7.998 

33LSCM 

33 

33.7 

5.240 

Pure  LDC 

0 

0 

5.790 
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Fig.  3.  FE-SEM  micrographs  of  the  as-synthesized  LSCM-LDC  composite  powders  of  (a)  100  wt.%  LSCM,  (b)  80  wt.%  LSCM-20  wt.%  LDC,  (c)  66  wt.%  LSCM-33  wt.%  LDC,  (d)  50  wt.% 
LSCM-50  wt.%  LDC,  (e)  33  wt.%  LSCM-66  wt.%  LDC,  and  (f)  pure  LDC,  calcined  at  1000  °C. 


100LSCM,  respectively.  This  weight  loss  is  due  to  the  oxidation  of 
the  carbon  deposits.  Interestingly,  in  the  samples  containing  LSCM, 
weight  gain  occurred  in  the  temperature  range  of  300  °C-450  °C. 
The  average  weight  gain  values  measured  in  composite  samples 
were  0.1%,  0.2%,  and  0.5%  for  66LSCM,  80LSCM,  and  pure  LSCM, 
respectively.  This  weight  gain  may  be  attributed  to  the  gain  of 
specific  amounts  of  oxygen.  Tao  and  Irvine  reported  that  when 
reduced  LSCM  (Lao.75Sro.25Cro.5Mno.503_«5)  was  subjected  to  re¬ 
oxidation,  there  was  a  certain  amount  of  weight  gain  depending 
upon  the  oxygen  stoichiometry  of  the  LSCM  perovskite  due  to 
oxygen  consumption  [4].  However,  there  is  no  weight  gain 
observed  in  the  LDC  during  the  re-oxidation  process  during  the 
TGA  analysis.  In  the  LDC  crystals,  the  cerium  ion  has  the  ability  to 
transition  between  Ce4+  to  Ce3+,  depending  on  the  ambient 
oxygen  partial  pressure,  while  La3+  remains  the  same,  in  an 


oxidizing,  as  well  as  reducing  atmosphere.  Hence,  it  is  expected 
that  the  re-oxidation  process  accumulates  some  oxygen  into  the 
reduced  La0.2Ceo.802_,5. 

Meanwhile,  it  has  been  demonstrated  that  CH4  undergoes 
a  solid-gas  reaction  on  the  surface  of  Ce02  (ceria).  It  reacts  with 
Ce02  to  produce  CO  and  H2.  This  solid-gas  reaction  involves 
various  intermediate  surfaces  of  the  hydrocarbon  species  in  both 
dry  and  humidified  CH4  [27,28].  The  high  CH4  decomposition 
activity  on  LDC  is  due  to  the  specific  ability  of  LDC  to  store  and 
release  oxygen  under  a  wide  range  of  oxygen  partial  pressures  and 
temperatures.  In  contrast,  pure  LSCM  has  a  very  poor  CH4  reaction 
activity  [22,29].  Consequently,  we  expected  that  the  LSCM-LDC 
composites  would  show  better  catalytic  activity  than  LSCM 
despite  the  higher  carbon  deposition  rate  of  the  composite 
compared  to  pure  LSCM. 
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Fig.  4.  XRD  patterns  of  the  physical  mixtures  of  LSCM  with  (a)  YSZ  and  (b)  GDC  after 
firing  at  1250  °C  for  5  h  in  air. 


3.3.  Electrochemical  properties  of  the  composites 
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Fig.  6.  Typical  AC  impedance  spectra  of  the  LSCM-LDC  composite  anodes  measured  at 
800  °C  in  humidified  (a)  H2  and  (b)  CH4. 
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The  catalytic  activity  of  the  composites  was  studied  by  both  AC 
impedance  spectroscopy  and  I-V  measurements  of  single  cells.  The 
AC  impedance  spectra  of  the  LSCM-LDC  composites  anode  in  H2 
and  CH4  are  shown  in  Fig.  6,  and  the  calculated  anode  polarization 
resistance  values  at  800  °C,  750  °C,  and  700  °C  are  provided  in 


Temperature(  C) 


Fig.  5.  TGA  data  of  the  LSCM-LDC  composite  powders  of  (a)  100  wt.%  LSCM,  (b) 
80  wt.%  LSCM— 20  wt.%  LDC,  (c)  66  wt.%  LSCM-33  wt.%  LDC,  (d)  50  wt.%  LSCM-50  wt.% 
LDC,  (e)  33  wt.%  LSCM-66  wt.%  LDC,  and  (f)  pure  LDC,  exposed  to  CH4  at  750  °C  for  6  h. 


Table  2.  While  pure  LSCM  (100LSCM)  had  an  anode  polarization 
resistance,  Rp,  of  0.247  O  cm2,  the  Rp  of  the  other  LSCM-LDC 
composites  in  H2  decreased  linearly  as  the  LDC  content  of  the 
composites  increased  up  to  50  wt.%  LDC  and  then  increased  at  the 
33LSCM  composition  (67  wt.%  LDC).  The  50LSCM  anode  showed  the 
lowest  Rp  value  of  0.081  Q  cm2  at  800  °C.  The  Rp  in  humidified  CH4 
followed  the  same  trend  as  that  observed  in  humidified  H2.  The  Rp 
of  50LSCM  in  CH4  at  800  °C  was  0.130  Q  cm2,  which  was  the  lowest 
polarization  resistance  for  all  of  the  composite  anodes  and  the  pure 
LSCM  anode.  Although  LDC  can  provide  catalytic  activity,  the 
33LSCM  anode,  which  is  comprised  of  a  large  amount  of  LDC, 
exhibited  higher  Rp  in  both  H2  and  CH4  than  the  50LSCM.  This 
finding  may  be  attributed  to  the  low  electrical  conductivity  of  LDC, 
consequently  leading  to  a  slow  charge  transfer  reaction.  After  AC 


Table  2 

Polarization  resistance  of  the  LSCM-LDC  composite  anodes  at  various  operating 
temperatures  in  humidified  H2  and  CH4  fuels. 


Anode 

material 

Polarization  resistance  (Q  cm2) 

800  °C 
in  H2 

800  °C 
in  CH4 

800  °C  after 

recovery 

750  °C 
in  H2 

700  °C 
in  H2 

100LSCM 

0.247 

0.540 

0.398 

0.750 

1.270 

80LSCM 

0.200 

0.304 

0.225 

0.400 

0.567 

66LSCM 

0.133 

0.155 

0.199 

0.243 

0.395 

50LSCM 

0.081 

0.130 

0.084 

0.173 

0.212 

33LSCM 

0.133 

0.240 

0.325 

0.310 

0.470 
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impedance  spectroscopy  measurements  in  CH^  the  cells  were  fed 
with  H2  for  2  h  to  investigate  the  redox  stability  of  the  composite 
anodes  at  800  °C.  The  calculated  Rp  values  of  these  composite 
anodes  are  also  provided  in  Table  2.  The  recovery  Rp  values  of 
100LSCM,  80LSCM,  66LSCM,  50LSCM,  and  33LSCM  composite 
anodes  were  0.398  Q  cm2,  0.225  Q  cm2,  0.119  Q  cm2,  0.084  Q  cm2, 
and  0.325  Q  cm2,  respectively,  at  800  °C.  The  50LSCM  anode  had 
a  recovery  rate  of  94%,  indicating  excellent  redox  stability.  On  the 
basis  of  the  excellent  recovery  properties  of  the  composites,  it  can 
be  deduced  that  the  bond  strength  of  carbon  to  LDC  is  weaker  than 
that  of  carbon  to  LSCM. 

From  the  above  results,  it  is  clear  that  the  catalytic  activity  of  the 
composite  anodes  varied  according  to  the  LDC  content  in  the  LSCM 
matrix.  The  50LSCM  composite  anode  demonstrated  the  best 
performance,  irrespective  of  the  operating  conditions.  The  reasons 
for  this  result  are  discussed  below  in  point  form. 

3.3.1.  The  microstructure  of  the  composite  anodes 

As  shown  in  Fig.  3,  the  LSCM  composite  possessed  a  very  small 
particle  size.  Therefore,  the  50LSCM  composite  anode  showed 
better  sinterability  than  the  other  composites.  Moreover,  the 
50LSCM  has  the  highest  surface  area  of  all  anode  compositions  as 
shown  in  Table  1.  The  morphology  of  the  as-synthesized  powders 


can  affect  the  final  microstructure  of  the  anodes  after  firing.  The 
microstructures  of  the  LSCM-LDC  composite  anodes  fired  at 
1250  °C  for  5  h  are  shown  in  Fig.  7.  While  the  anode  without  LDC 
(100LSCM)  demonstrate  only  point  contacts  between  large  parti¬ 
cles  and  relatively  poor  adhesion  between  the  anode  and  the 
electrolyte,  the  anode  with  a  high  LDC  content  showed  area  contact 
between  small  particles  and  good  adhesion  between  the  anode  and 
electrolyte.  This  property  resulted  in  lower  contact  and  charge 
transfer  resistance  characteristics  and  better  electrochemical 
performance  in  the  anode  with  high  LDC  content. 


3.3.2.  Percolation  limits  of  LDC  in  the  LSCM  matrix 

According  to  the  Kusy  equation  [30],  the  particle  size  ratio  of 
LDC  and  LSCM  determined  the  percolation  limits  of  the  two 
components: 


Percolation  limit,  Vx 


100 


(i) 


where  O  =  1.27  and  Xc  =  0.42  are  constants  for  cubic  packing  of 
a  square  planar  lattice,  and  RpIRm  is  the  particle  size  ratio.  For 
convenience  and  for  a  better  approach  to  percolation  theory,  the 
weight  ratio  of  the  composites  was  converted  to  volume  ratio  using 
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Fig.  7.  Cross-sectional  FE-SEM  micrographs  of  LSCM-LDC  composite  anodes  on  GDC  electrolytes  after  single  cell  measurement:  (a)  100  wt.%  LSCM,  (b)  80  wt.%  LSCM-20  wt.%  LDC, 
(c)  66  wt.%  LSCM— 33  wt.%  LDC,  (d)  50  wt.%  LSCM-50  wt.%  LDC,  and  (e)  33  wt.%  LSCM-66  wt.%  LDC  fired  at  1250  °C  for  5  h  in  air. 
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the  theoretical  densities  of  LSCM  (6.68  g  cm-3)  and  LDC 
(6.915  g  cm-3)  [31  ].  The  volume  ratios  of  the  composites  are  listed 
in  Table  1.  The  particle  size  of  the  LSCM  and  LDC  obtained  by 
dynamic  light  scattering  methods  was  1916.6  nm  and  183.86  nm, 
respectively.  Using  Eq.  (1),  we  calculated  that  the  percolation  limit 
of  LDC  in  the  LSCM  matrix  was  45.98  vol.%  ( ~  50  wt.%  of  LDC).  At 
this  limit,  LDC  was  thoroughly  percolated  into  the  LSCM  matrix. 
Because  LSCM  is  mainly  an  electronic  conductor,  the  triple  phase 
boundary  (TPB),  which  is  where  reactions  occur,  may  be  limited  to 
the  interface  between  the  LSCM  and  the  GDC  electrolyte.  In 
LSCM— LDC  composite  anodes,  the  oxygen  ion  conducting  LDC  plays 
a  role  in  the  extension  of  the  electrolyte,  which  could  increase  the 
TPB.  Without  percolation,  LDC  does  not  perform  well  as  an  exten¬ 
sion  of  the  electrolyte  region.  For  the  reasons  described  above,  the 
50LSCM  composite  anode  with  LDC  percolation  exhibited  the  best 
catalytic  activity.  Despite  the  percolation  of  LDC,  however,  the 
33LSCM  composite  demonstrate  poor  electrochemical  perfor¬ 
mance,  due  to  its  low  electrical  conductivity. 


3.3.3.  Effect  of  carbon  deposition 

Anode  polarization  resistance  in  a  CH4  atmosphere  decreases  as 
LDC  content  increases.  Therefore,  we  expected  the  carbon  deposi¬ 
tion  rate  to  increase  with  LDC  content,  which  would  lead  to  an 
increase  in  polarization  resistance  due  to  carbon  coverage  of  reac¬ 
tion  sites.  However,  we  obtained  the  opposite  results.  Unlike  Ni,  the 
LSCM— LDC  composites  had  a  carbon  deposition  rate  of  less  than  2%, 
which  is  insufficient  to  fully  cover  the  reaction  sites.  This  type  of 
partial  carbon  coverage  may  provide  conductive  phases.  Because 
oxide  anode  materials,  including  LSCM,  usually  have  low  electronic 
conductivity,  conductive  phases  can  improve  the  overall  electro¬ 
chemical  performance  of  materials  containing  LSCM.  It  has  been 
reported  that  exposure  of  a  Cu-ceria-YSZ  anode  to  n-butane 
increased  the  performance  of  the  anode  due  to  the  formation  of 
carbonaceous  residues  within  the  anode  [32].  Similarly,  the 
improvement  in  performance  with  increasing  LDC  content  may  be 
due  to  enhanced  electronic  conductivity  within  the  LSCM-LDC 
composite  anode. 


Fig.  8.  Comparison  of  the  I-V  curves  and  power  density  of  each  LSCM-LDC  composite  anodes  of  (a)  100  wt.%  LSCM,  (b)  80  wt.%  LSCM-20  wt.%  LDC,  (c)  66  wt.%  LSCM-33  wt.%  LDC, 
(d)  50  wt.%  LSCM— 50  wt.%  LDC,  and  (e)  33  wt.%  LSCM-66  wt.%  LDC. 
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3.4.  Single  cell  performance 

The  cell  voltages  and  power  density  for  various  LSCM-LDC 
composite  anodes,  according  to  the  operating  temperature,  are 
shown  in  Fig.  8.  The  power  density  decreased  linearly  with 
temperature.  The  maximum  power  densities  of  the  100LSCM, 
80LSCM,  66LSCM,  50LSCM  and  33LSCM  single  cells  were 
147  mW  cm-2, 160  mW  cm-2,  208  mW  cm-2,  220  mW  cur2,  and 
192  mW  cm-2,  respectively,  under  humidified  H2  at  800  °C.  Hence, 
the  power  density  increased  with  increasing  LDC  content,  up  to 
50  wt.%  LDC  and  then  decreased  at  the  33LSCM  composition 
(67  wt.%  LDC),  similar  to  the  trend  observed  for  catalytic  activity.  The 
changes  in  power  density  according  to  the  LDC  content  in  a  humid¬ 
ified  CH4  atmosphere  were  consistent  with  the  trend  observed  in 
a  humidified  H2  atmosphere.  The  50LSCM  single  cell  had  a  much 
higher  maximum  power  density  of  213  mW  cm-2  in  humidified  CH4 
than  the  100LSCM  single  cell  (97  mW  cm-2).  Meanwhile,  the 
maximum  recovery  power  density  of  the  50LSCM  anode,  measured 
after  re-oxidation  in  H2  atmosphere,  was  217  mW  cm-2,  which 
demonstrates  a  98%  recovery  rate.  This  is  a  much  higher  recovery 
rate  than  that  reported  for  conventional  Ni-based  anodes  [33]. 
Despite  of  the  LDC  percolation,  however,  the  33LSCM  composite 
exhibited  poor  electrochemical  performance.  The  poor  performance 
may  be  attributed  to  low  electrical  conductivity  of  LDC,  conse¬ 
quently  leading  to  a  slow  charge  transfer  reaction. 

4.  Conclusions 

We  successfully  prepared  Lao.75Sro.25Cr0.5Mn0.503_5-Lao.2 
Ceo.802-<5  (LSCM-LDC)  composite  anodes  using  different  weight 
ratios  of  LDC  by  a  simple  sol-gel  combustion  technique.  The 
morphology  of  the  as-synthesized  composite  powders  could  be 
controlled  by  varying  the  amount  of  LDC  added  to  the  composite. 
The  grain  growth  of  the  LSCM  matrix  was  likely  hindered  by  LDC, 
which  acted  as  a  diffusion  barrier,  leading  to  a  decrease  in  the 
particle  size.  The  polarization  of  the  LSCM-LDC  composites  in  H2 
decreased  with  increasing  LDC  content  because  of  the  better 
microstructure  and  higher  catalytic  activity  provided  by  LDC.  Even 
though  the  carbon  deposition  rate  increased  with  increasing  LDC 
content,  we  observed  a  decrease  in  anode  polarization  resistance 
due  to  the  formation  of  conducting  carbonaceous  residues  within 
the  composite  anode.  Finally  the  anode  composed  of  50  wt.%  LDC 
(50LSCM),  which  is  above  the  percolation  limit  of  the  LDC- 
dispersed  LSCM  matrix,  showed  the  best  electrochemical  perfor¬ 
mance  in  both  H2  and  CH4  atmospheres. 
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